Injection of the LP-BM5 murine leukemia virus into mice causes murine AIDS, a disease characterized by many dysfunctions of immunocompetent cells. To establish whether the disease is characterized by glutathione imbalance, reduced glutathione (GSH) and cysteine were quantified in different organs. A marked redox imbalance, consisting of GSH and/or cysteine depletion, was found in the lymphoid organs, such as the spleen and lymph nodes. Moreover, a significant decrease in cysteine and GSH levels in the pancreas and brain, respectively, was measured at 5 weeks postinfection. The Th2 immune response was predominant at all times investigated, as revealed by the expression of Th1/Th2 cytokines. Furthermore, investigation of the activation status of peritoneal macrophages showed that the expression of genetic markers of alternative activation, namely, Fizz1, Ym1, and Arginase1, was induced. Conversely, expression of inducible nitric oxide synthase, a marker of classical activation of macrophages, was detected only when Th1 cytokines were expressed at high levels. In vitro studies revealed that during the very early phases of infection, GSH depletion and the downregulation of interleukin-12 (IL-12) p40 mRNA were correlated with the dose of LP-BM5 used to infect the macrophages.
I
nfection with the LP-BM5 murine leukemia virus causes a profound and broad immunodeficiency in susceptible mouse strains, such as C57BL/6 (B6) mice. This disease is known as murine AIDS (MAIDS) and is characterized by early polyclonal T-and B-cell activation, splenomegaly, lymphadenopathy, hypergammaglobulinemia, decreased T-and B-cell responses, increased susceptibility to opportunistic pathogens, and the development of terminal B-cell lymphomas and neurological dysfunctions (1) (2) (3) (4) . MAIDS is characterized by physiological abnormalities which are similar to those observed in the early stages of human AIDS. Hence, this model may be used to provide insights into the immunosuppressive changes characterizing human retrovirus infections, which in turn could lead to new antiretroviral drugs and new pharmacological approaches (5) (6) (7) (8) (9) (10) .
LP-BM5-infected mice develop functional and phenotypic changes in leukocyte populations, leading to a profound immunodeficiency and a shift in cytokine profiles from a Th1 to a Th2 phenotype (11) (12) (13) (14) (15) . T-cell differentiation from naive Th0 cells into Th1 or Th2 cells depends on the cytokine milieu induced during the innate activation of macrophages (16) ; for example, interleukin-12 (IL-12) and tumor necrosis factor alpha (TNF-␣) activate Th1 T cells, whereas the IL-10 cytokine favors Th2 T-cell development (17) . The glutathione-redox balance in antigen-presenting cells (APC) has a critical role in the development of innate immune responses. Low levels of reduced glutathione (GSH) decrease the level of secretion of IL-12 and lead to the polarization from the Th1 cytokine profile toward Th2 response patterns; on the contrary, high levels of GSH favor a Th1 response (17, 18) . Th1 cells, which produce gamma interferon (IFN-␥) and IL-2, evoke cell-mediated immunity. Th2 cells, which produce IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13, evoke strong antibody responses (including those of the IgE class) (19) .
The Th1 immune response is known to be suppressed during infections by different pathogens, such as HIV, Leishmania, and Mycobacterium tuberculosis (20) (21) (22) . Interestingly, studies also show that patients with AIDS or tuberculosis have an altered glutathione balance (23) (24) (25) , and HIV-associated disturbances in GSH have been associated with impaired survival (26) . The shift toward a Th2-dominant state and the deficiency in the induction of specific Th1 cells observed during infections may compromise the ability of the host to protect against intracellular pathogens. Undoubtedly, several factors are involved in the functional alterations associated with cell-mediated immunity; however, GSH depletion appears to be an important feature which can contribute to the imbalance in the Th1/Th2 response (20) (21) (22) (23) (24) (25) (26) .
In the present study, to evaluate whether GSH depletion could be involved in the progression of MAIDS, GSH and cysteine contents were studied in spleen and lymph nodes, where CD4 ϩ T cells are central to the induction and progression of both B-and T-cell abnormalities in MAIDS (27) . Moreover, it has been reported that LP-BM5 infection is accompanied by a pancreatitis-like injury (28) and by central nervous system (CNS) damage (29) (30) (31) . Hence, to investigate whether the thiol content could play a role in the alterations of these organs, GSH and cysteine levels were also measured in the pancreas and brain.
The Th1/Th2 cytokine profile was also investigated when thiol measurements were made. Moreover, it is known that the cytokine environment influences the development of macrophages into different subsets (32) . Classically activated macrophages (CAM), induced by IFN-␥ and lipopolysaccharide (LPS), are important players in the elimination of various pathogens. Th2 immune response mediators, i.e., IL-4 and IL-13, antagonize CAM and induce the development of alternatively activated macrophages (AAM) (32) .
AAM are associated with Fizz1, Ym1, and Arginase1 (Arg1) expression, suggesting that these genes can constitute useful markers for the identification of AAM. Indeed, they have been found to be abundantly expressed in peritoneal macrophages after infection with Th2-inducing pathogens (33) (34) (35) . Therefore, we focused on the identification of genes that are differentially expressed in AAM to correlate the recruitment of AAM with a polarized Th2 immune response in this model. At all the time points investigated, a redox imbalance consisting of GSH and/or cysteine depletion was found in several organs. Moreover, a prevalent Th2 immune response associated with an alternative pathway of macrophage activation was found to characterize LP-BM5 infection. The treatment of LP-BM5-infected mice with N-(N-acetyl-L-cysteinyl)-S-acetylcysteamine (I-152), a prodrug of N-acetyl-cysteine (NAC) and beta-mercaptoethylamine (cysteamine), which was already successfully used both as an antiviral and as an immunomodulator (36) (37) (38) (39) , could restore the intraorgan GSH content and a balanced Th1/Th2 response. These data show that, similarly to what happens in other viral infections (20, 26, (40) (41) (42) (43) (44) , a Th1/Th2 imbalance can be mediated by GSH-dependent mechanisms in MAIDS as well. Consequently, the restoration of intracellular GSH levels can represent the basis for a new therapeutic intervention for this pathology and for all those characterized by GSH deficiency and downregulation of the Th1 immune response. Mice. Four-week-old female C57BL/6 (B6) mice were purchased from Charles River Laboratories Italy and housed in the animal facility of the Department of Biomolecular Sciences (University of Urbino), which is approved by the Health Ministry of Italy.
MATERIALS AND METHODS
LP-BM5 virus inoculation. The LP-BM5 viral mixture was prepared by coculturing G6 cells with uninfected SC-1 cells as previously described (4) . C57BL/6 mice were infected by two successive intraperitoneal (i.p.) injections at 24-h intervals of 100 l of the LP-MB5 murine leukemia virus stock, in which each injection contained 0.25 units of reverse transcriptase (RT). At 2, 5, and 9 weeks after virus inoculation, 5 uninfected mice and 5 LP-BM5-infected mice were sacrificed. In a second experiment, the uninfected and infected mouse groups described above were replicated and two infected groups receiving either I-152 or placebo were added.
Treatment of LP-BM5-infected mice with I-152. Mice were infected as described above. At 1 h after each virus inoculation, 15 mice received i.p. injections of I-152 (30 mol/mouse in 200 l of 0.9% NaCl) or placebo (200 l 0.9% NaCl). Treatments were repeated three times a week for a total of 9 weeks. I-152 was synthesized as previously described (36) .
Quantification of thiol species in mouse organs and peritoneal macrophages. The thiol content in the spleen, lymph nodes, pancreas, and brain of uninfected or infected mice was determined at 2, 5, and 9 weeks after virus inoculation by a high-performance liquid chromatography (HPLC) method which has recently been validated according to U.S. and European standards (46) . Briefly, a portion of each organ (10 to 20 mg) was immersed in 500 l of precipitating solution (100 ml containing 1.67 g of glacial meta-phosphoric acid, 0.2 g of disodium EDTA, 30 g of NaCl), and then it was homogenized and sonicated. The sample was kept in ice for 10 min and then centrifuged at 12,000 ϫ g for 10 min at 4°C. Fifteen microliters of 0.3 M Na 2 HPO 4 was added to 60 l of the acid extract, and immediately after that, 45 l 5,5=-dithio-bis-(2-nitrobenzoic acid) (DTNB) was added. DTNB solution was prepared by dissolving 20 mg of DTNB in 100 ml of sodium citrate solution (1%, wt/vol). The mixture was stirred for 1 min, left at room temperature for another 5 min, and, finally, used for quantification of cysteine and GSH by HPLC. A Teknokroma Tracer Excel 120 octadecyl-silica A (ODS-A) column (particle size, 5 m; 15 cm by 0.46 cm) protected by a guard column was used in these studies. The mobile phase consisted of 10 mM KH 2 PO 4 solution, pH 6.0 (buffer A), and buffer A containing 60% (vol/vol) acetonitrile (buffer B). The elution conditions were as follows: 10 min of 100% buffer A, followed by an increase to 100% buffer B over 15 min; this condition was maintained for 5 min. The gradient was returned to 100% buffer A over 3 min. The flow rate was 1 ml/min, the injection volume was 50 l, and detection was at 330 nm.
Determination of the amount of thiol in peritoneal macrophages was performed as previously described (47) . The removed macrophages were immediately lysed with 100 l of lysis buffer (0.1% Triton X-100, 0.1 M Na 2 HPO 4 , 5 mM EDTA, pH 7.5). Thereafter, 15 l of 0.1 N HCl and 140 l of precipitating solution were added. After centrifugation, the super-natants were collected, 25% (vol/vol) 0.3 M Na 2 HPO 4 was added, and immediately after that 10% (vol/vol) DTNB was added. Then the samples were submitted to the same procedure described above and analyzed by HPLC as described above for the organ tissue samples.
Quantification of GSSG in organs. The spleen, lymph nodes, pancreas, and brain of uninfected or infected mice were evaluated for the oxidized form of glutathione (GSSG) at 2, 5, and 9 weeks after virus inoculation.
A portion of organ tissue (20 to 40 mg) was put into an Eppendorf tube containing 500 l of 20% meta-phosphoric acid. The sample was homogenized and then sonicated as described above for the quantification of thiol species in the organs. After centrifugation, the acid extracts were neutralized through 1 M Tris-HCl and used for measurement of the amount of GSSG, which was performed spectrophotometrically as previously described (48) .
Cytokine assay. The production of Th1 cytokines (IL-2, IL-12, IFN-␥) and Th2 cytokines (IL-5, IL-4, IL-10) from splenocytes obtained from uninfected or infected mice was determined. Briefly, spleen lymphocytes were seeded in duplicate at a density of 5 ϫ 10 5 per well in 96-well tissue culture plates in 200 l of RPMI 1640 complete medium (10% heatinactivated fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin). They were incubated for 72 h at 37°C in a 5% CO 2 atmosphere. The supernatants were collected and stored at Ϫ80°C until analysis. The cytokines were determined by a multiplex biometric enzyme-linked immunosorbent assay (ELISA)-based immunoassay containing fluorescently dyed magnetic beads covalently conjugated with a monoclonal antibody specific for the target protein according to the manufacturer's instructions (Bio-Plex; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Soluble molecules were measured using a commercially available kit (a Pro mouse cytokine Th1/Th2 8-plex panel including IL-2, IL-4, IL-5, IL-10, IL-12 p70, granulocyte-macrophage colony-stimulating factor [GM-CSF], IFN-␥, and TNF-␣).
Each experiment was performed at least in duplicate according to the manufacturer's instructions. The levels of all cytokines were determined using a Bio-Plex 200 array reader, which is based on Luminex X-Map technology (Bio-Rad Laboratories, Hercules, CA, USA) and which detects and quantifies multiple targets in a 96-well plate with a low volume (50 l) of a single fluid sample. The interleukin concentrations (expressed as picograms per milliliter) were calculated by use of a standard curve and software provided by the manufacturer (Bio-Plex manager software, v.6.1).
Spleen expression profile. The expression of 11 cytokines in spleens from uninfected and infected mice was assessed at 2, 5, and 9 weeks after virus inoculation using a custom RT 2 profiler PCR array (SABiosciences). The genes in the PCR array, including two housekeeping genes and three internal controls, are listed in Table 1 .
Total RNA was extracted from 8 to 10 mg of spleen tissue preserved in RNAlater solution (Qiagen) using an RNeasy minikit (Qiagen). The RNA was quantified using a spectrophotometer (catalog number UV-2401PC; Shimadzu). The cDNA was synthesized from 0.8 g of total RNA using an RT 2 first-strand cDNA synthesis kit (Qiagen) according to the manufacturer's instructions. Real-time PCRs (total volume, 20 l) were carried out in a custom RT 2 Profiler PCR array (100-well disk format) with RT 2 SYBR green ROX FAST master mix (Qiagen) using a Rotor-Gene 6000 real-time PCR machine (Corbett Life Science). The PCR protocol consisted of 1 cycle of 10 min at 95°C, followed by 40 cycles of denaturation at 95°C for 15 s and annealing and extension at 60°C for 1 min. The cDNA from uninfected mice was used as a calibrator. Data analysis was based on the ⌬⌬C T threshold cycle (C T ) method: the raw data were normalized using reference housekeeping genes, and the analysis was performed using web-based RT 2 Profiler PCR array data analysis software (SABiosciences). Determination of IgE in mouse plasma. At 2, 5, and 9 weeks after virus inoculation, plasma IgE levels were determined by ELISA using a kit from Bethyl Laboratories, Inc. (Montgomery, TX), according to the manufacturer's instructions. A standard curve for IgE was obtained using the recombinant standard protein provided by the manufacturer.
Murine peritoneal macrophage isolation. Peritoneal exudate cells of B6 mice were obtained by peritoneal lavage as previously described (47) . Macrophages were incubated for 24 h in 35-mm-diameter dishes with RPMI 1640 medium (Sigma) supplemented with 10% heat-inactivated fetal bovine serum (EuroClone), 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (Sigma) and then processed differently according to the determinations that were to be made.
Peritoneal macrophage expression profile. To study the macrophage expression of Fizz1 (NM_020509), Ym1 (NM_009892), Arg1 (NM_007482), and inducible nitric oxide synthase (iNOS) (NM_010927) in uninfected and infected mice, peritoneal macrophages, isolated and cultured as described above, were lysed in phenol-chloroform-isoamyl alcohol (25:24:1) and collected in microcentrifuge tubes. Total RNA from peritoneal macrophages was extracted as described by Sambrook et al. (49) and subsequently processed for contaminant DNA removal with a DNase-free kit (Thermo Fisher Scientific, Waltham, MA, USA). The RNA concentration was evaluated with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and 0.5 g of the total RNA was utilized for cDNA synthesis in a 10-l reaction mix using a PrimeScript RT master mix (TaKaRa). Real-time PCR analysis was performed in a 7500 real-time PCR system (Applied Biosystems) with the software package SDS (v.1.4.0). The PCR mixtures were assembled in a 25-l volume using 2ϫ master mix from a Hot-Rescue real-time PCR kit-SYBR green (SG) (Diatheva, Fano, Italy) and 360 nM each primer. Primer oligonucleotides were purchased from Sigma-Aldrich (St. Louis, MO, USA). Primer sequences were as follows: for actin, forward primer 5=-TCC ACC CGC GAG CAC A-3= and reverse primer 5=-ACA TGC CGG AGC CGT TGT-3=; for Arg1, forward primer 5=-TCA ACA CTC CCC TGA CAA C-3= and reverse primer 5=-CAG ATA TGC AGG GAG TCA CC-3=; for Fizz1, forward primer 5=-TTG CCA ATC CAG CTA ACT AT-3= and reverse primer 5=-CAG TGG TCC AGT CAA CGA-3=; for iNOS, forward primer 5=CCC TTC CGA AGT TTC TGG CAG C3= and reverse primer 5=CCC TTC CGA AGT TTC TGG CAG C3=; and for Ym1, forward primer 5=-ACA GGT CTG GCA ATT CTT CT-3= and reverse primer 5=-AAA GGC ATA GAT CAG GTG AGT A-3=. For each sample, three replicates corresponding to 10 ng of total RNA were run. Thermal cycling was per- formed as follows: 10 min at 95°C; 45 cycles of denaturation at 95°C for 15 s, annealing at either 61°C (Actin, Ym1, Arg1) or 55°C (Fizz1, iNOS) for 15 s, and extension at 72°C for 35 s. At the end of the PCR cycles, a melting curve was generated to verify the specificity of the PCR products. The relative amounts of mRNAs for selected target genes were calculated according to the 2 Ϫ⌬⌬CT comparative method using the gene for ␤-actin (GenBank accession number NM_007393) as a reference; infected mice were considered calibrators (50) .
In vitro infection of murine peritoneal macrophages with LP-BM5. Murine peritoneal macrophages, isolated and cultured as described above, were infected with LP-BM5 retroviral complex containing either 0.5 or 1.0 unit of RT. After virus removal, the cells were washed twice, and at 3 and 6 days postinfection, the DNA content of the etiologic agent in the LP-BM5 mixture, that is, replication-defective virus (BM5d) (51), IL-12 p40 mRNA expression, and thiol species were quantified.
Quantification of IL-12 p40 mRNA in peritoneal macrophages infected with LP-BM5. The IL-12 p40 mRNA in murine peritoneal macrophages infected in vitro was quantified as previously described (47) . Briefly, total RNA was isolated from about 2.5 ϫ 10 5 macrophages using an RNeasy minikit (Qiagen), and 0.8 g was used for cDNA synthesis (RT 2 first-strand cDNA synthesis kit; Qiagen) according to the manufacturer's instructions. Real-time PCRs (total volume, 50 l) were performed with the master mix from the Hot-Rescue real-time PCR kit-SG (Diatheva, Fano, Italy), a 7500 real-time PCR instrument (Applied Biosystems), and the Sequence detection system software package (v.1.4.0). mRNA levels were normalized to 100 ng of total RNA.
Quantification of BM5d DNA in peritoneal macrophages infected with LP-BM5 and in organs of LP-BM5-infected mice. BM5d DNA was quantified in peritoneal macrophages infected in vitro with LP-BM5 and in the spleen, lymph nodes, pancreas, and brain of LP-BM5-infected mice.
At 3 and 6 days after LP-BM5 infection, cellular DNA was isolated from about 2.5 ϫ 10 5 macrophages using a QIAamp DNA minikit (Qiagen) according to the manufacturer's instructions.
Total cellular DNA was isolated from frozen tissue (10 to 20 mg) and purified by the lysis-phenol method (51) . The DNA concentration was evaluated with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and the ratios of that absorbance at 260 nm/280 nm and absorbance at 260 nm/230 nm were used to control the quality; all samples had ratios of about 1.8 and 2.0, respectively, and were accepted as pure DNA. BM5d DNA quantification was performed by SYBR green I real-time PCR, as previously described (51) . The reactions were carried out on an Applied Biosystems 7500 real-time PCR system with a final volume of 50 l, using 2ϫ master mix from the Hot-Rescue real-time PCR kit-SG (Diatheva, Fano, Italy) and 50 to 100 ng of DNA. The copy number of BM5d DNA was calculated by interpolation from the experimentally determined standard curve and was normalized to 100 ng of DNA.
Statistical analysis. Statistical analysis was performed using the Mann-Whitney test for all the parameters, with the exception of determinations in murine macrophages infected in vitro with LP-BM5, for which statistical analysis was performed by the Student t test. A P value of less than 0.05 was considered significant.
RESULTS

GSH and cysteine levels in organs of LP-BM5-infected mice.
To assess whether LP-BM5 infection caused GSH depletion, GSH and cysteine levels in the lymphoid organs (spleen and lymph nodes), known to be the sites where viral loads are higher (51), were determined. In mice with MAIDS, pancreatic lesions of the exocrine system with a predominance of infiltrating Th2 cells have been described (28) ; moreover, CNS damage and cognitive deficits develop concurrently with the immunodeficiency (29) (30) (31) . Hence, the thiol content in the pancreas and brain was also analyzed. A decrease in the content of thiol species was observed in all organs (Fig. 1) , in particular, in spleen and lymph nodes, as expected, given the higher viral load found in these organs (data not shown). Specifically, we observed that in infected mice, (i) the GSH content in the spleen was significantly depleted at 5 and 9 weeks postinfection and the amount of cysteine was significantly lower at all time points studied; (ii) the GSH content in the lymph node showed a significant decrease at 5 and 9 weeks postinfection, while noteworthy differences in cysteine levels were not recorded; (iii) the levels of GSH in the pancreas were unchanged, while the cysteine content was significantly decreased at 5 weeks postinfection; and (iv) the content of GSH in the brain showed a significant decrease at 5 weeks postinfection, and the cysteine content was always unchanged.
The GSSG content was evaluated in all organs, but significant differences were not found when these values were compared with those in the organs of uninfected mice (data not shown).
Expression of Th1 and Th2 cytokines in LP-BM5-infected mice. The expression of Th2 (IL-5, IL-4, IL-10) and Th1 (IL-2, IL-12, IFN-␥) cytokines as well as of TNF-␣ and GM-CSF was investigated at 2, 5, and 9 weeks after virus inoculation. To this end, both spleen mRNA and proteins secreted in the supernatants of unstimulated spleen cells obtained from uninfected mice or infected mice were analyzed (Fig. 2) .
Quantitative analysis revealed that all cytokines were detectable in all mice, including uninfected ones. Regarding the comparison of uninfected and infected mice, at 2 weeks postinfection ( Fig. 2A, white bars) , cytokine analysis showed that the concentrations of all the cytokines involved in the Th1/Th2 response were statistically significantly increased in infected mice compared to those in uninfected animals. Specifically, IL-5 levels showed a 100-fold increase; IL-4 and IL-2 levels were about 10-fold higher; and IL-10, IL-12, and IFN-␥ levels were almost 2-fold higher.
At 5 weeks postinfection ( Fig. 2A, black bars) , the levels of IL-5, IL-4, and IL-2 released into the culture medium from spleen cells of infected mice were about 40-, 15-, and 8-fold higher, respectively, than those measured for uninfected mice. On the other hand, the levels of IL-10, IL-12, and IFN-␥ were not statistically significantly different from those found in uninfected mice.
At both 2 and 5 weeks, the concentrations of TNF-␣ and GM-CSF measured in infected mice were not significantly different from those measured in uninfected animals.
Real-time PCR analysis of cDNA from the spleens of uninfected and infected mice confirmed this trend of cytokine production, although to a lesser extent. It is noteworthy that the levels of IL-5 transcripts measured in the infected animals were significantly higher than those measured in the uninfected animals at all the times studied (Fig. 2B) .
The results obtained at 9 weeks postinfection were comparable to those obtained at 5 weeks postinfection (data not shown).
IgE levels in LP-BM5-infected mice. Quantification of IgE in plasma showed that IgE levels increased significantly in infected mice compared to those in uninfected animals at both 2 and 5 weeks postinfection (Fig. 3) . At 9 weeks postinfection, differences between the two groups were not found (data not shown).
Expression of genetic markers of macrophage activation in LP-BM5-infected mice. It has been reported that Th2-polarizing cytokines also prompt macrophages to have an alternative activation profile. In particular, AAM express a peculiar set of genes in mice, including Arg1, Fizz1, and Ym1 (33) (34) (35) . Therefore, expression of the mRNA of these polarization markers by peritoneal macrophages from uninfected and infected mice was compared (Fig. 4) . Indeed, Ym1, which was expressed at very low levels in the controls, underwent a robust induction at all the time points tested. Arg1 was also significantly upregulated at 2 and 9 weeks postinfection, although to a lesser extent than Ym1. On the other hand, Fizz1 showed the same expression levels in both control and infected mice. Nonetheless, the alternative polarization profile of macrophages from infected mice was highlighted by the downmodulation of iNOS expression. Indeed, at 2 weeks postinfection, we observed iNOS expression in 3 out of 5 mice, while it remained undetectable at subsequent postinfection time points and in most uninfected controls at all the time points.
Thiol content and expression of IL-12 p40 mRNA in murine peritoneal macrophages infected with LP-BM5. The relationship between the intracellular thiol content, IL-12 p40 mRNA expression, and virus load during the early phases of infection was investigated. To this aim, murine peritoneal macrophages were infected in vitro with 0.5 and 1 RT unit of LP-BM5, and GSH and cysteine contents as well as the level of IL-12 p40 mRNA expression were determined at 3 and 6 days postinfection. The results
FIG 1
Decreased GSH and cysteine levels in the organs of LP-BM5-infected mice. GSH (left) and cysteine (right) levels were quantified in the spleen, lymph nodes, pancreas, and brain of uninfected or infected mice at 2, 5, and 9 weeks after virus inoculation. Mouse infection and the methods used for determination of GSH and cysteine levels are described in Materials and Methods. *, P Ͻ 0.05 versus uninfected mice at the same time point; **, P Ͻ 0.01 versus uninfected mice at the same time point. reported in Fig. 5 show that the LP-BM5 DNA copy numbers measured are proportional to the number of RT units of LP-BM5 RT used to infect the macrophages (Fig. 5, lower left) . In macrophages infected with the low dose (0.5 RT unit), the GSH level was already significantly reduced at 6 days postinfection, while at the high dose (1 RT unit), both GSH and cysteine contents were significantly lower than those in uninfected macrophages at 3 and 6 days postinfection (Fig. 5, top) . Moreover, IL-12 p40 mRNA levels were downregulated compared with those in uninfected macrophages, being significantly inhibited at 6 days postinfection in macrophages infected with the low dose (Fig. 5, lower right) , while in macrophages infected with the high dose, IL-12 p40 mRNA was undetectable at either time point.
Effect of I-152 in LP-BM5-infected mice. A second in vivo experimental LP-BM5 infection was conducted to detect the immunomodulatory activity of the I-152 molecule. I-152 is a precursor of N-acetyl-cysteine (NAC) and beta-mercaptoethylamine (cysteamine) that is able to increase the in vitro intracellular GSH content and that has antiviral properties (36) . The capacity of I-152 to increase thiol levels in the organs of LP-BM5-infected mice and to enhance the Th1 immune response was evaluated in the present study.
The antiviral effect of I-152 was previously demonstrated in the MAIDS model (37) and was confirmed in the present study, as revealed by reduced splenomegaly and lymphadenopathy; this effect was particularly evident at 9 weeks of treatment (Fig. 6) .
The capacity of I-152 to restore the intracellular content of the thiol species in LP-BM5-infected mice was assessed by measuring GSH and cysteine levels in all organs, and the results obtained for the spleen and lymph nodes, which were those organs that underwent the most significant GSH/cysteine depletion, are reported in Fig. 7 . We observed that I-152 treatment was able to reestablish the levels of GSH and cysteine in both the spleens and lymph nodes to the values in the spleens and lymph nodes of uninfected mice, while significant decreases in the amounts of both thiol species were confirmed in infected mice (data not shown). Only the results obtained at 2 weeks postinfection are shown in Fig. 7 , since the results obtained at the following time points were comparable to those obtained at 2 weeks.
To investigate whether the restoration of GSH/cysteine levels through I-152 treatment could influence the amounts of Th1/Th2 cytokines from spleen cells of infected I-152-treated mice released into the culture medium, the expression of Th2 (IL-5, IL-4, IL-10) and Th1 (IL-2, IL-12, IFN-␥) cytokines was investigated at 2, 5, and 9 weeks after viral infection. Quantitative analysis revealed that at 2 weeks postinfection, the levels of IL-5 were significantly decreased; meanwhile, the amount of IFN-␥ was significantly increased compared with that in infected and untreated animals (Fig. 8, white bars) . At 5 weeks postinfection, the levels of IL-5 and IL-4 secreted by the spleens of infected and treated mice were significantly lower than those secreted by the spleens of infected mice (Fig. 8, black bars) . Real-time PCR analysis of cDNA displayed a significant decrease in the levels of IL-5 transcripts from infected I-152-treated mice at 2 weeks postinfection (data not shown). The results obtained at 5 weeks postinfection were comparable to those obtained at 2 weeks (data not shown).
FIG 2 Predominant Th2 cytokine expression in LP-BM5-infected mice. (A)
Production of Th2 cytokines (IL-5, IL-4, IL-10) and Th1 cytokines (IL-2, IL-12, IFN-␥) from splenocytes obtained from uninfected or LP-BM5-infected mice. Infected and uninfected mice were sacrificed at 2 or 5 weeks after infection, spleen cells were cultured, and supernatants were harvested at 72 h for assay for all cytokines. Cytokine assays were performed as described in Materials and Methods. Fold change was calculated for every infected mouse by dividing the concentration of the cytokine (expressed as picograms per milliliter) by the mean value for the corresponding cytokine from uninfected controls. Values represent the means Ϯ SDs for 5 animals. *, P Ͻ 0.05 versus uninfected mice at the same time point; **, P Ͻ 0.01 versus uninfected mice at the same time point. (B) Expression of the IL-5 gene. The fold change with respect to the value for the uninfected controls was calculated using the 2 Ϫ⌬⌬CT method with normalization of the raw data to the data for the housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Data analysis was performed using web-based RT 2 Profiler PCR array data analysis software (SABiosciences). Values represent the means for 3 animals and were obtained at 2 and 5 weeks postinfection. The error bars represent 95% confidence intervals. *, P Ͻ 0.05 versus uninfected mice at the same time point. I-152 treatment also influenced the activation status of peritoneal macrophages, reducing the levels of expression of AAM markers in an apparent time-dependent fashion. In particular, although Arg1 and Fizz1 were already significantly downmodulated at 2 weeks postinfection, at 5 weeks postinfection both the infected and untreated mice and the infected and I-152-treated mice expressed similar levels of the same genes. On the other hand, a more pronounced effect of I-152 was seen at 9 weeks postinfection, not only because the amounts of Ym1, Arg1, and Fizz1 were decreased but also because, in two out of five mice analyzed, the expression of iNOS was induced 2-fold compared with the highest level observed in infected mice at 2 weeks postinfection (Fig. 9) .
For all the parameters examined, the results obtained for infected mice treated with placebo were not different from those for infected untreated mice.
DISCUSSION
An alteration in the intracellular redox balance characterizes several viral infections and the progression of virus-induced diseases (52) . It has been demonstrated that intracellular redox status alterations are often associated with the depletion of GSH (23) (24) (25) . In this investigation, we found that important redox perturbations consisting of decreases in GSH and/or cysteine levels occur in the organs of LP-BM5 retrovirus-infected mice. In particular, spleen and lymph nodes, which are the organs containing the highest BM5d content and undergoing the most significant phenotypic as well as proliferative changes (11, 51) , showed the most significant drops in GSH and/or cysteine levels. It will be interesting to learn more about the mechanism(s) by which this viral infection induces a decrease in the intracellular GSH content. In fact, in some cases, GSH depletion occurs at early time points after viral infection (53) ; in other cases, increased levels of inflammatory cytokines can induce GSH depletion, which, in turn, may activate redox-sensitive transcription factors, such as NF-B, leading to downstream signal transduction events favoring viral expression (54) . In the pancreas and brain, where the viral loads measured were significantly lower than those measured in the spleen and lymph nodes (data not shown), we found less dramatic decreases in the amounts of the thiol species analyzed. These data suggest that the extent of the decrease in GSH and cysteine levels could be linked to the viral load of the organ, and this hypothesis was demonstrated in in vitro experiments. Indeed, the results obtained from in vitro infection of macrophages showed that GSH depletion occurs at the very early stages of infection and depends on the viral load, suggesting that it may be a direct effect of the viral infection. However, this aspect requires deeper investigation.
Although the GSH perturbation in the pancreas and brain was not as important as that in the spleen and lymph nodes, the GSH perturbation observed in the pancreas and brain may have a role in the exocrine pancreatitis and encephalopathy characterizing LP-BM5 infection. In fact, the decrease in pancreatic cysteine levels may be due to the use of the amino acid for GSH synthesis, which would be necessary as a consequence of the upregulation of glutathione S-transferase previously described (55) .
In brain, a significant decrease in the GSH level was measured after 5 weeks of infection. In MAIDS, spatial learning and memory deficits were described, although the brain viral titer has been Ϫ⌬⌬CT comparative method, and data are expressed as the mean fold change compared to the value for the calibrator sample (one infected mouse at each time after infection) Ϯ SD for 5 animals. *, P Ͻ 0.05 versus uninfected mice at the same time point; **, P Ͻ 0.01 versus uninfected mice at the same time point.
found to be very low (29) (30) (31) 51) . Hence, it is not possible to establish whether the presence of the virus is responsible for the neuronal alterations observed (31) . Actually, we could not establish the cause of the GSH depletion found, but we suggest that it may contribute to the neuronal alterations described in MAIDS, as has already been observed in other neurodegenerative disorders, such as Alzheimer's disease (56) . This aspect is worth further investigation; in fact, it would be interesting to evaluate the capacity of GSH precursors able to cross the blood-brain barrier to diminish the encephalopathy that develops in these mice by replenishment of GSH levels (57) . The finding that I-152 could increase GSH/cysteine levels in the brains of infected mice (not shown) is very interesting, and it will be the subject of future studies.
LP-BM5 infection can affect the balance of Th subset expression and promote the Th2 response (11) (12) (13) (14) (15) , although C57BL/6 mice are predisposed toward the production of Th1 cytokines (58) . In this investigation, a central role of Th2 cells in LP-BM5 infection was shown by using a multiplexed assay, which allowed us to detect all the cytokines in the supernatants of unstimulated spleen cells at every time point examined, including those present at lower concentrations (59, 60) . The results, corroborated by cytokine expression analysis through PCR array analysis, showed that the infection was characterized by two main phases distin- ϩ T-cell response characterized by the expression of Th1 and Th2 cytokines, with a prevalence of Th2 cytokines, as revealed by high levels of IL-5 and IL-4. The progression of viral infection (at 5 or 9 weeks postinfection) was characterized by a general decrease in cytokine production, although the prevalence of Th2 cytokines persisted; in fact, IL-4 and IL-5 were still present at very high concentrations (P Ͻ 0.01), while IL-12 as well as IFN-␥ returned to control levels, and IL-2 was the only Th1 cytokine still present at a significantly higher concentration than the other Th1 cytokines (P Ͻ 0.05).
The prevalent Th2 response was also supported by IgE production, which is the most distinctive effect of IL-4 in vivo (61), although IgE switching in LP-BM5-infected mice could also be regulated by IL-4-independent pathways (12, 13) . The preferential activation of Th2-type cells has been accounted for by the important role of B cells in in vivo T-cell activation in this infection, where antigen presentation by B cells favors the activation of Th2 clones (11, 62, 63) . The results reported herein provide further insight into the role that GSH and macrophages could have in disease progression and Th1/Th2 cytokine production during LP-BM5 infection. In fact, as already observed, low levels of GSH were measured in all organs examined and, in particular, in spleen and lymph nodes. At 2 weeks postinfection, when both Th1 and Th2 responses were present with a higher prevalence of the latter, GSH depletion was not observed, but reduced cysteine levels in spleen and lymph nodes were measured, and these were statistically significantly reduced in the spleen. Diminished cysteine levels may be a consequence of the use of this amino acid in GSH synthesis. At this time point, viral replication is low and cysteine stores may be sufficient to replenish normal GSH levels. Indeed, a correlation between redox alteration and LP-BM5 infection in the very early phases of infection is supported by in vitro studies conducted with macrophages, where the extent of the decreases in GSH and cysteine levels depended on the infecting dose and reduced IL-12 p40 Fizz1, and iNOS mRNA in infected I-152-treated mice compared with those in infected mice were determined. ␤-Actin was used as an internal reference gene. Relative quantification was performed by real-time RT-PCR according to the 2 Ϫ⌬⌬CT comparative method, and data are expressed as the mean fold change compared to the value for the calibrator sample (one infected mouse at each time after infection) Ϯ SD for 5 animals. *, P Ͻ 0.05 versus infected mice at the same time point; **, P Ͻ 0.01 versus infected mice at the same time point. The expression of iNOS at 9 weeks was calibrated to the value for infected mice at 2 weeks. Because iNOS was expressed in only two out of five mice, statistical analysis was not performed. mRNA levels were expressed. These results are in agreement with those of previous studies showing that a decreased intracellular GSH content is linked to reduced levels of IL-12 secretion and to skewing toward a Th2 response (17, 18) .
It is interesting to note that at 5 or 9 weeks postinfection, when significantly higher levels of Th2 cytokines, i.e., IL-4 and IL-5, than other cytokines were still present, an altered redox state was found.
A strict correlation between the GSH content and the Th response in LP-BM5 infection was finally demonstrated when LP-BM5-infected mice were treated with I-152, a precursor of NAC and cysteamine, which can be used for GSH synthesis. The antiviral effect of I-152 against HIV-1 was assessed in vitro (36) . Moreover, we have previously demonstrated that daily treatment with I-152 at a concentration, in molar equivalents, about 10 times lower than that of GSH moderated the development of MAIDS symptoms and the amount of BM5d proviral DNA in lymphoid organs (37) . In the present work, I-152, which was administered three times a week instead of daily, was able to restore GSH and cysteine levels in all the organs examined, including spleen and lymph nodes. Despite the use of doses of I-152 lower than those used previously (37), the treatment was still able to reduce the signs of the disease, i.e., splenomegaly and lymphadenopathy. Moreover, at 2 weeks postinfection, I-152 administration favored the production of IFN-␥ and inhibited the production of IL-5, while at 5 weeks postinfection, a significant inhibition of the Th2 immune response, as revealed by the low concentrations of IL-4 and IL-5, was observed. Consistent with the well-known reciprocal relationship between the production of IFN-␥ and IL-4 (64), the increase in IFN-␥ levels by splenocytes from infected I-152-treated mice was accompanied by decreased IL-4 levels in splenocytes from such mice. Hence, in agreement with previous in vitro and in vivo works showing that GSH levels influence IL-12 production and Th response patterns (17, 18, 38, 39) , we can conclude that in MAIDS Th1/Th2 cytokines can also be influenced by the redox state. Moreover, the molecules able to increase the intracellular GSH content can favor and inhibit Th1 and Th2 cytokines, respectively, thus reestablishing a Th1/Th2 balance.
In agreement with a prevalent Th2 immune response, we demonstrated that LP-BM5 infection was characterized by the recruitment of AAM at every time point studied. The expression of genes coding for Fizz1, Arg1, and Ym1 was always induced. In contrast, expression of iNOS, which is a marker of classical activation of macrophages, was detected at the early stages of infection (2 weeks), when Th1 cytokines were expressed at higher levels than at other times investigated, and in only about 50% of animals. These results are in agreement with those of other studies showing a correlation between a Th2 cytokine environment and high levels of expression of Fizz1 and/or Ym1 in peritoneal macrophages (33, 34) . Hence, we have clearly established the phenotype of AAM during LP-BM5 infection, but the exact function of these cells has yet to be characterized. It has to be considered that this study analyzed in vivo the net outcome of even small changes from a wide variety of cell types. Also, M1 and M2 macrophages are not strictly separable clones like Th1 and Th2. Rather, they can present with a full array of phenotypes between the two most extreme. In this context, it is the propensity of the whole environment that determines the overall response of the organism (65) . It is known that AAM produce low levels of IL-12 (32), contributing to the switch between Th1 and Th2 responses in several diseases (21) (22) (23) 66) . On the other hand, it is possible to regulate the amount of IL-12 secreted by increasing the intracellular GSH levels, and an IL-12 low macrophage phenotype could be changed into an IL-12 high macrophage phenotype (67) . In agreement with an inhibited Th2 immune response and, in particular, with reduced IL-4 levels through I-152 treatment, the expression of genes characterizing AAM was found to be reduced. In addition, at 9 weeks infection is characterized by several immune dysfunctions, including splenomegaly and lymphadenopathy (1-4), and GSH deficiency, which favors a Th2 immune response as well as an alternatively activated macrophage phenotype, distinguished by the expression of the genetic markers Fizz1, Ym1, and Arg1. (B) The inhibitory effect of I-152 on MAIDS can be considered the result of two mechanisms of action: on the one hand, it can directly hamper viral replication; on the other hand, it can inhibit and stimulate Th2 and Th1 cytokine production, respectively, reestablishing a balanced Th1/Th2 immune response.
postinfection, the expression of the M1 gene iNOS was found to be increased, suggesting that the switch from M2-to M1-like macrophages could be a slower mechanism sustained by the Th2-to-Th1 switch. In fact, IL-4 can act as a stimulus to drive the expression of many M2 markers (34, 68) , and the data presented here show that I-152 could be used to change the M2 macrophage phenotype. It would be interesting, given the results of the effect of I-152 treatment on peritoneal macrophages obtained here, to test the activity of the molecule against other cells of the myeloid lineage in the context of LP-BM5 retrovirus-induced disease. Specifically, recent reports have detailed augmented monocytic myeloid-derived suppressor cell (M-MDSC) production during LP-BM5-induced disease, including immunodeficiency (69) (70) (71) (72) . Because the mechanism of inhibition of T-cell responses by these M-MDSCs for inhibition of T-cell responses was fully dependent on iNOS/NO, whereas iNOS/NO was responsible for about 50% of the inhibition of B-cell responses, it would be interesting to study I-152 treatment to determine whether M-MDSC numbers and suppressive activity can be increased or decreased in LP-BM5-infected mice. The present study shows that in LP-BM5 infection, GSH depletion and AAM could have an important role in determining the Th2 immune response and that I-152 treatment may represent a useful approach to fight this retroviral infection (Fig. 10) . The main advantage of using I-152 and, presumably, other GSHreplenishing molecules derives from their dual mechanisms of action: on the one hand, they can directly inhibit viral replication; on the other hand, they can reestablish a correct GSH content in antigen-presenting cells favoring the production of cytokines which induce the Th1 immune response. In conclusion, GSHreplenishing molecules could be considered new tools that act as both immunomodulators and antivirals.
